Fluorescence lifetime imaging (FLIM) has been recognized as a powerful microscopy technique to examine environments in living systems. The fluorescence lifetime does not depend on the photobleaching and optical conditions, which allows us to obtain quantitative information on intracellular environments by analyzing the fluorescence lifetime. A variety of exogenous fluorophores have been applied in FLIM measurements to examine cellular processes. Information on the correlation between the fluorescence lifetime and the physiological parameters is essential to elucidate the cellular environments from the fluorescence lifetime measurements of exogenous fluorophores. In this review, exogenous fluorophores used for lifetime-based sensing are summarized, with the expectation that it becomes a basis for selecting the fluorophore used to investigate the intracellular environment with FLIM. Experimental results of the intracellular sensing of pH, metal ions, oxygen, viscosity, and other physiological parameters on the basis of the FLIM measurements are described along with a brief explanation of the mechanism of the change in the fluorescence lifetime.
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Introduction
Fluorescence lifetime imaging (FLIM) is a microscopy technique that can map the spatial distribution of the fluorescence lifetime of a fluorophore in a single cell, which has a high potential to provide more quantitative information on intracellular environments than that obtained from fluorescence intensity imaging. The fluorescence intensity, which is typically used in fluorescence microscopy, is affected by several experimental factors, such as the photobleaching of fluorophores and fluctuations of the excitation light intensity. On the other hand, the value of the fluorescence lifetime remains constant with any photobleaching and the optical conditions, which makes us possible to quantitatively analyze the difference in the fluorescence lifetime, even when the observed difference is small. FLIM, which has been applied to biological systems since the beginning of the 1990s, has now been recognized as a useful method for investigating intracellular environments, evaluating physiological parameters, and determining the rate constants of photo-induced processes. A variety of reviews for FLIM have now been documented. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Both endogenous and exogenous fluorophores are used as fluorescence probes for investigating intracellular environments. In the present review, representative exogenous fluorophores suitable for FLIM are described, giving a basis for selecting the fluorophore used for measuring the intracellular environment with FLIM. It is noted that details of the endogenous fluorophores (autofluorescent species) are summarized elsewhere. 12 'Exogenous fluorophore' is a general term concerning small molecules, nanomaterials, and proteins showing detectable emission, all of which are exogenously loaded in samples. A huge variety of exogenous fluorophores have now been developed as a fluorescent marker in biology and medicine, which enables us to image various biological phenomena at a subcellular level. Most exogenous fluorophores have been designed to have useful photophysical characters, such as a high fluorescence quantum yield, desired absorption and fluorescence wavelengths, photostability, and high sensitivity to the environment of interest.
Developed fluorophores now cover the entire spectral region from UV to near infrared (NIR), and the fluorescence yield of some exogenous fluorophores is almost 100%. The intracellular pH and ion concentrations, such as Ca 2+ , can be evaluated in vivo by loading an exogenous fluorophore whose fluorescence intensity is very sensitive to the target ion into biological samples. The majority of exogenous fluorophores were originally developed for intensity-based measurements, and information on the properties of fluorophores for FLIM is limited. The fluorescence lifetime depends on environmental factors, including the ion concentrations, viscosity, polarity, temperature, and interactions with biological molecules. Therefore, knowledge concerning the environmental factors governing the fluorescence lifetime of each fluorophore is necessary to select an exogenous fluorophore suitable for investigating the targeted intracellular condition by FLIM.
In the following subsections, we first explain the basis of the fluorescence lifetime and the principle of a lifetime-based sensor, and then describe representative exogenous fluorophores of small molecules, nanomaterials, and fluorescent proteins along with the lifetime-based applications of these fluorophores to investigate the intracellular environments. Our experimental studies on the application of the fluorescence lifetime to examine intracellular environments are described in a little more detail. It should be noted that FLIM has been applied to Förster resonance energy transfer (FRET), which describes the nonradiative energy transfer from a photoexcited donor fluorophore to an acceptor fluorophore. The occurrence of FRET can be detected by measuring the decrease in the fluorescence lifetime of the donor upon energy transfer. Since the analysis of FRET using FLIM is described in some reviews, 2,3,6,9,11 the topics of FRET are not discussed here. It is noted that the photophysical properties of exogenous fluorophores used for FLIM are summarized in Refs. 8 and 13.
Basis of Fluorescence Lifetime
Fluorescence is defined as a radiative transition of a molecule from an excited singlet state to the ground singlet state (S0), and the detected fluorescence is emitted from the lowest excited singlet state (S1), except for a few molecules, such as azulene. The molecules in the S1 state return to the S0 state or transform to another molecule by chemical reactions such as isomerization or dissociation. The fluorescence lifetime is referred as the average time of a molecule remaining in the S1 state after excitation, which is quantitatively evaluated by measuring the fluorescence decay curve, which is a plot of the fluorescence intensity as a function of time following pulsed excitation. If both the time width of the excitation pulse and the time resolution of the detection system are much shorter than the fluorescence lifetime (τf), the fluorescence decay curve (If(t)) is given by
where I0 is the fluorescence intensity immediately after photoexcitation (t = 0). As shown in Eq. (1), the fluorescence lifetime can be regarded as the time when the fluorescence intensity decays to 1/e of the intensity at t = 0. Note that only the S0 and S1 states of a single fluorophore species are considered in Eq. (1). The fluorescence lifetime is determined by the following rate constants: the radiative decay rate constant (kR) representing the rate of a transition from the S1 to S0 states with emitting a photon (radiative transition), the rates of internal conversion (kIC) and intersystem crossing (kISC), which are the non-radiative relaxation process from the S1 state to the S0 state and the triplet state, respectively, with dissipation of the excess energy as heat, and the rate (kRC) of chemical reactions from the S1 state including energy transfer. If the backward reaction is not considered, the fluorescence lifetime is given by the reciprocal of the sum of all the rate constants, as follows:
The radiative rate constant is directly related to the molar extinction coefficient of the S1 ← S0 transition; kR becomes larger as the molar extinction coefficient increases.
14 The non-radiative rate constant is typically given by the sum of the rate constants of kRC, kIC, and kISC.
The fluorescence lifetime is usually measured with the time-domain method or the frequency-domain method. 13 Hereafter, these are denoted as the TD method and the FD method, respectively. As mentioned above, the fluorescence lifetime can be obtained by measuring the fluorescence decay curve. The measurement of the time dependence of the fluorescence intensity following pulsed light excitation is called the TD method. The time-correlated single-photon counting (TCSPC) method or the time-gated method is typically used to measure fluorescence decay curves. In the FD method, irradiation light that has a sinusoidal modulated intensity is used to excite fluorophores, and the fluorescence lifetime is evaluated by measuring both the phase delay of the observed fluorescence and the reduction in its amplitude.
Principle of Sensing of Environments by Fluorescence Lifetime
The lifetime-based sensing of environments can roughly be divided into three groups: dynamic quenching, lifetime-based ratiometric method, and bulk-parameter control of the rate constants. Dynamic quenching is a process in which the collision of target ions or molecules with fluorophores induces a non-radiative transition of the fluorophore to the S0 state. The observed τf therefore becomes shorter with increasing target concentration, which is given by the so-called Stern-Volmer expression:
where τ0 is the fluorescence lifetime in the absence of the target, and kQ is the rate constant of dynamic quenching. The inverse of the fluorescence lifetime is proportional to the target concentration, which can be used as a standard curve for lifetime-based sensing. Dynamic quenching is typically regarded as being a diffusion-limited process, and kQ is assumed to be proportional to the reciprocal of the medium viscosity in the Stokes-Einstein equation. 13 The typical fluorophores used for dynamic quenching experiments have fluorescence lifetime longer than ten nanoseconds because the efficient collision with the target must occur within the fluorescence lifetime.
When the fluorescence lifetime markedly changes with the binding of a fluorophore to target ions or molecules, the lifetime-based ratiometric method can be adopted for sensing of the target concentration. 1 It is assumed that the free species and the species bound to the target exist in an equilibrium with a dissociation constant (Kd) in the ground state, and that the population ratio between these species depends on the concentration of the target. When the equilibrated species having different fluorescence lifetimes from each other are simultaneously excited and the fluorescence signals of these excited species are simultaneously detected, the fluorescence decay curve is observed to be a multi-exponential function as follows:
where τi is the fluorescence lifetime of species i and the term Ci is called the preexponential factor, which represents the magnitude of the contribution of the species i to the fluorescence decay profile. Ci depends on each concentration of species i, and the average fluorescence lifetime (τave) evaluated by the following equation is altered by the target concentration:
The target concentration can therefore be evaluated from the standard curve of τave against the target concentration. In this lifetime-based ratiometric method, several species should be simultaneously excited and detected because the alternation of τave comes from the change in the population ratio of the equilibrated species. If the observed decay comes from a mixture of the decays of the free and bound species, a significant change in τave occurs at around pKd. The magnitude of Ci depends on both the excitation and detection wavelengths, and τave is therefore changed with these wavelengths. Selection of the excitation and detection wavelengths is very important for the lifetime-based ratiometric method. The change in the fluorescence lifetime with the binding of a fluorophore to ions or molecules is induced by the generation of non-radiative pathway(s) and/or the regulation of the existent non-radiative process. FRET is one of the new relaxation pathways of the excited donor, leading to a decrease in the quantum yield as well as the lifetime of the donor fluorescence. Static quenching due to the interaction between the fluorophore and the bound molecule is also a new non-radiative relaxation pathway. If the binding to biological molecules interferes with the non-radiative transition of the fluorophore by steric hindrance for structural relaxation, the fluorescence lifetime of the fluorophore increases with the binding to the molecule.
Finally, it is mentioned that some bulk parameters of the medium may influence the rate constants. If the fluorophore has a large dipole moment in the S1 state, the polarity of the medium strongly affects kIC in Eq. (2) . The kIC value is also affected by medium viscosity when the internal conversion is accompanied by geometrical relaxation. The kR value depends on refractive index of the medium, as mentioned later. Therefore, the change in the bulk parameter can be evaluated by measuring the fluorescence lifetime of a suitable fluorophore.
Small Molecules

4·1 Sensing of pH
The pH-sensitive exogenous fluorophores, whose intensities remarkably depend on the pH of the medium, have been well developed. These fluorophores typically exhibit acid-base equilibrium in the ground state, and the fluorescence intensity of one of the equilibrated species is used as a pH probe. Since the pioneering work of Lakowicz et al., [15] [16] [17] the FLIM of pH-sensitive exogenous molecules is also known to be useful for investigating the pH inside cells and tissues. The pH dependence of the fluorescence lifetime of carboxy seminaphthofluorescein (SNAFL) and carboxy seminaphthorhodafluors (SNARF), whose structures are shown in Fig. 1 , was examined in a buffer by the FD method, indicating that the fluorescence lifetime of these fluorophores can be used to measure the pH of the medium. 17 The pH dependence of τave is considered to arise from the mixture of the fluorescence emissions from several equilibrated species, whose population ratio depends on the pH. The FLIM of the SNAFL-type indicator was applied to measure the intracellular pH of cultured cells. 18, 19 The development of pH-sensitive fluorophores showing fluorescence in the NIR region is important to perform in vivo experiments for the pH inside living systems, since biological substances exhibit relatively weak absorption in the NIR region of 700 -900 nm. Recently, pH-sensitive NIR fluorophores, the acid dissociation constant (pKa) of which is in the physiological range, were developed, and FLIM measurements of these fluorophores were shown to be useful to evaluate the intracellular pH inside a mouse.
4·2 Sensing of pH using BCECF
2′,7′-Bis-(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF), whose molecular structure is shown in Fig. 1C , is one of the most popular fluorophore used to evaluate the intracellular pH. BCECF is a derivative of fluorescein, and the ground state of BCECF exhibits a complicated acid-base equilibrium among different species including cation, monoanion and dianion. 5, 13, 21 The population of the dianion species exhibiting strong green fluorescence significantly changes at around neutral pH, which makes BCECF one of the most popular pH probes. It has been shown that the fluorescence lifetime of BCECF can be used to measure the pH in solution and in biological systems. 17, [22] [23] [24] [25] [26] The spatial distribution of the pH of hairless mouse skin at different epidermal depths was measured by two-photon FLIM of BCECF. 22 The average pH of the stratum corneum gradually increased with increasing depth, which was ascribed to a decrease in the number of acidic areas. 22 The pH gradient in artificial skin constructs was also observed by the FLIM of BCECF. 23 We have measured the fluorescence decay of BCECF in a buffer and in Halobacterium (Hb.) salinarum with different pH values, and evaluated the standard correlation curve between the pH and the fluorescence lifetime of BCECF under both conditions. 24 BCECF was loaded into cultured Hb. salinarum using the so-called acetoxymethyl ester loading technique, and BCECF remaining inside the cells was available as a pH indicator in the cells. Calibration of the intracellular pH was performed by the addition of an ionophore to the media so as to make equilibrium between intracellular and extracellular pH. 24, 27 The intracellular pH was therefore evaluated by measuring the extracellular one. Plots of the pH in the buffer and in Hb. salinarum against τave of BCECF are shown in Fig. 2 . 24 The decay profiles in the buffer and in cultured cells were fitted by assuming a bi-exponential decay and a tri-exponential decay, respectively, and τave in Fig. 2 was given by Eq. (5). The correlation curve between pH and τave in cells is different from that in solution, indicating that attention is necessary to calibrate the intracellular pH using the values in the buffer solution. 24 This result may come from the difference in several bulk parameters, including the polarity, refractive index, viscosity, and local field between water and the cells. 28 The FLIM of BCECF in Hb. salinarum is shown in Fig. 3A . 25 FLIM measurements were performed using the time-gated TD method, in which each fluorescence lifetime of the image was evaluated by analyzing the four time-gated signals with the assumption of a single exponential decay. 25, 29, 30 It is shown in Fig. 3A that some halobacteria exhibited fluorescence lifetimes shorter than others. The histogram of the fluorescence lifetime over the whole cells in the image and those of typical cells showing long and short fluorescence lifetimes are shown in Fig. 3B . The difference in the fluorescence lifetime among some halobacteria was confirmed, indicating that different environments of halobacteria from each other can be probed by the fluorescence lifetime of BCECF. 25 The average lifetime of the whole cells evaluated by the gated method (~2.4 ns) is a little shorter than that obtained from the decay profile, i.e., ~2.7 ns (cf. Figs. 2  and 3B ). This difference should be regarded as being within the experimental error, because the lifetime in the gated method was evaluated with only the four time-gated signals. 25, 30 
4·3 Sensing of calcium ion
The regulation of Ca 2+ in living systems plays a significant role in a variety of biological processes, such as neuron activity and muscle contraction, and the development of the techniques for estimating Ca of Ca 2+ in BAPTA results in an increase in the fluorescence intensity and the fluorescence lifetime of the fluorophore moiety. Significant increases in τave with increasing Ca 2+ concentration were observed for these fluorophores, which can be explained in terms of the existence of the free and Ca 2+ bound species having different fluorescence lifetimes from each other. The evaluated τave is the weighted average of the fluorescence lifetime of the free and Ca 2+ -bound species according to the Ca 2+ -dependent ratio of the population of these two species (see Eq. (5)). FLIM of the Oregon Green BAPTA based dye was applied to monitor the change of the Ca 2+ concentration in the neonatal rat myocytes during the beating 35 and in the cerebellar Purkinje neurons after the cell stimulation. 36
4·4 Sensing of other ions
Other ions being important to maintain the physiological states in living systems have also been probed by the FLIM of exogenous fluorophores. The τave values of Mag-quin-2 and Magnesium Green, both of which were developed based on a Mg 2+ chelator called APTRA (o-aminophenol-N,N,O-triacetic acid, see Fig. 4B ), were shown to significantly increase with increasing concentration of Mg 2+ in the buffer. 37 The apparent dissociation constant between the free and the Mg 2+ -bound species was tuned from 0.3 to 100 mM by changing the excitation wavelength. Sodium Green, which has a Na + -selective crown ether, exhibited a significant increase in τave with increasing Na + concentration, allowing for the estimation of Na + concentration in the range of 0.5 -50 mM in the buffer. 38 The fluorescence lifetime of N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE, Fig. 1D ) was ~20 ns in the absence of Cl -, and was reduced with increasing Cl -concentration by dynamic quenching, 39 which can be used to measure the intracellular concentration of Cl -in a mM range. 40 Newport Green DCF, which has a di-2-picolylamine moiety (Fig. 4C) as a selective zinc binding, was shown to be able to evaluate Zn 2+ concentration at high nM to μM levels using its fluorescence lifetime. 41 Oregon Green-labeled human carbonic anhydrase II (hCA II) was used as a Cu 2+ indicator at subpicomolar levels. 42 FRET between Oregon Green and hCA II occurs when Cu 2+ binds to hCA II, resulting in a decrease in the fluorescence lifetime of the Oregon Green moiety. 42 Excited state proton transfer (ESPT) of xanthene dyes, such as fluorescein, significantly occurs when ionic species suitable for the proton donor and acceptor exist in a medium with a relatively high concentration, which results in a decrease in the fluorescence lifetime with increasing concentration of the ionic species. 43, 44 The decrease in the fluorescence lifetime of the xanthene derivative with the occurrence of ESPT was shown to be useful to measure the concentration of phosphate ions of more than 10 mM in cells.
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4·5 Sensing of oxygen
The concentration of oxygen in living systems is related to the generation of a reactive oxygen species, and monitoring of the oxygen concentration can be used to identify cancer cells that have low oxygen environments. Exogenous molecules having a long fluorescence or phosphorescence lifetime of submicro to microseconds have typically been used as an oxygen sensor. The dynamic quenching in which the collision of oxygen induces emission quenching of the excited molecule has been adapted, resulting in a decrease in the fluorescence lifetime with increasing oxygen concentration.
Representative oxygen indicators of Ru(II) tris(2,2′-dipyridyl) dichloride hexahydrate (RTDP, Fig. 1E ) and Pd(II) meso-tetra(4-carboxyphenyl) porphine were used to map the oxygen concentration in cells by FLIM. [45] [46] [47] It is noted that phosphorescence is typically used for transition-metal complexes. Recently, the phosphorescence of bis(2-(2′-benzothienyl)-pyridinato-N,C 3 ′)iridium(acetylacetonate) (BTP) and its derivative, which exhibit the phosphorescence in the red to NIR region, was applied for the sensing of oxygen in living systems. 48 Normal and tumor tissues having different oxygen concentrations from each other were distinguished by the phosphorescence lifetime of BTP.
4·6 Sensing of medium viscosity
Measurements of the intracellular viscosity are very important to understand various cellular functions, because majority of signaling and transport processes in cells are regarded as being a diffusion-limited process, whose rate is altered by the intracellular viscosity. The fluorescence lifetime of the socalled molecular rotor is strongly influenced by the viscosity of the medium, which has been used to measure the local viscosity in cells with spatial resolution. [49] [50] [51] [52] [53] [54] [55] [56] The term 'molecular rotor' is characterized as a molecule in which the rate of the non-radiative process is governed by an intramolecular twisting of a group in the molecular structure. 49 The molecular rotors based on meso-substituted 4,4′-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY, Fig. 1F ) are well applied as a viscosity indicator in living cells. [50] [51] [52] The fluorescent BODIPY moiety is linked to the substituent group through a short chain of a single bond, and the fluorescence of BODIPY is quenched by a twisting of the substituent group relative to the BODIPY ring. The viscosity inside cultured SK-OV-3 cells was evaluated to be ~140 cP by the fluorescence lifetime of the loaded BODIPY-type rotor, and this evaluated viscosity in cells was much higher than that of water. 50 Molecular rotors based on pentamethine cyanine dyes 53 or a conjugated porphyrin dimer 54 were also developed for measuring the local viscosity in a cell by FLIM. FLIM of the molecular rotor has also been applied to measure the viscosity of the cell membrane. 55, 56 
4·7 Sensing of other environements
The fluorescence lifetime of small fluorophores is altered by binding those fluorophores to biological substances, which can be used as a biomolecular sensor. Thioflavin T (ThT, Fig. 1G ), which is used to detect the amyloid structure, also specifically binds to G-quadruplex DNA, and its fluorescence lifetime has a tendency to increase with increasing magnitude of the interaction between ThT and G-quadruplex. 57 The increase in the fluorescence lifetime may come from the steric hindrance of a G-quadruplex structure that reduces the rate of the non-radiative relaxation of ThT. The fluorescence lifetime of 3,6-bis(1-methyl-4-vinylpyridinium) carbazole diiodide (BMVC), synthesized for detecting G-quadruplex DNA, was also suggested to detect the presence of G-quadruplex structures. 58 Commercially available cyanine dyes, such as SYTO41, exhibited the increase in the fluorescence lifetime with binding to DNA. 59, 60 6-Bromoacetyl-2-dimethylaminonaphthalene (Badan, Fig. 1H ) has a large dipole moment in the fluorescent state, 61 resulting in a significant change in its fluorescence property with different polarity of the environment. The fluorescence lifetime of Badan-labeled glucose/galactose-binding protein (GBP) increases with increasing glucose concentration, which comes from the change to a more hydrophobic environment around Badan with the binding of GBP to glucose. 62 The fluorescence of Badan-labeled GBP exhibited a biexponential decay with a short-lifetime component of the free protein (~0.8 ns) and a long-lifetime component of the protein bound to glucose (~3.1 ns). 62 The fluorescence lifetimes of [1, 3] dioxolo [4,5- 63 and ruthenium dipyridophenazine complexes 64 are also influenced by polar environments, which is applicable for the sensing of hydrophobic environments. The cyanine dye LS-288, which shows the near-infrared emission, exhibited an increase in the fluorescence lifetime with binding to protein, which has a high potential to monitor protein-losing nephropathy, due to diabetes mellitus. 65 The fluorescence lifetime of SYTO13, which is a DNA-staining dye in human Ewing's family tumor cells, was reduced as the apoptotic process was induced by doxorubicin, and the apoptosis-induced reduction of the fluorescence lifetime was explained in terms of the self-quenching of SYTO13 in DNA, which arises from a change in distance between SYTO13 dyes during apoptosis-induced DNA condensation. 66 
Nanomaterials
5·1 Basis of nanomaterials
Nanomaterials specify here semiconductor quantum dots (QDs), metal clusters, and synthesized large-sized molecules. The emission from QDs might not be appropriate to be called "fluorescence" because the emission from QDs comes from the exciton-emitting state or the trap-emitting state, and therefore we use in this review the term emission for QDs instead of fluorescence. Emissive QDs have widely been used in cell biology and medicine, 67, 68 and some emissive QDs have now been commercially obtained for biological applications. The advantages for applying QDs are high photostability, narrow emission band width, and size-tunable emission wavelength. 69 Furthermore, biological functions, such as conjugation with antibodies, can be added to the surface of the material capping QDs.
Emissive semiconductor QDs typically exhibit a multi-exponential emission decay, and have a component with a long emission lifetime of more than 10 ns, 70 which can be used to distinguish the emission of QDs from those of organic fluorophores and autofluorescent species, both of which have a lifetime of 1 -4 ns. The time-gated technique separately detects the fluorescence of organic fluorophores in the time region of several nanoseconds, and that of QDs in the time region more than 10 ns, resulting in multiplex fluorescence labeling with a difference in the fluorescence lifetime. Reducing the background autofluorescence can be carried out by measurements of the fluorescence of QDs in a time region of more than 10 ns. 71, 72 Emissive gold and silver clusters have recently been used as exogenous fluorophores for cell imaging. A long emission lifetime of more than 20 ns of the metal clusters has been proposed to reduce the background autofluorescence. 73, 74 
5·2 Sensing of intracellular environments
The emission lifetime of CdSe/ZnS nanocrystals capped with mercaptopropionic acid (MPA-QDs) exhibited a marked increase with increasing intracellular pH, which can be used to measure the pH in cells by FLIM. 75, 76 The τave value of MPA-QDs increased from 8.7 ns at pH < 5 to 15.4 ns at pH > 9 with a significant change at around pH 7. 76 The degree of protonation and deprotonation of the carboxylic acid of MPA was suggested to affect the emission lifetime. CdSe/ZnS QDs conjugated with lucigenin were shown to become a lifetime-based Cl -sensor using τave of QD, which increases with increasing Clconcentration. 77 The increase of τave results from an interruption of the charge transfer between QD and lucigenin by the presence of Cl -. 77 The τave value of the commercially available CdSe/ZnS core/shell QDs (QDot800; Invitrogen) exhibited a remarkable decrease with increasing Cu 2+ concentration in solution, which was used as a Cu 2+ sensor with a high sensitivity of less than 1 ppb. 78 The mechanism of the Cu 2+ -induced quenching of emission was discussed into terms of the energy transfer between QDs and solvated Cu 2+ . 78 The fluorescence lifetime of the Au clusters was shown to depend on the local environments in a cell; the fluorescence lifetime near the cell membrane (more than 700 ns) was longer than that within a cell (~650 ns). 73 It was recently shown that FLIM of the fluorescent thermoresponse polymer introduced into a cell allows us to obtain the intracellular temperature with spatial resolution. 79 Intracellular temperature in a COS7 cell was evaluated to be distributed inhomogeneously, and the local temperature of nucleus was suggested to be higher than that of cytoplasm. 79 The intracellular temperature of yeast cells was also evaluated by the fluorescence lifetime of the fluorescent thermo-response polymer. 80 
Fluorescent Proteins
6·1 Basis of fluorescent proteins
Fluorescent proteins (FPs) have been widely used in cell biology and medicine as fluorescent tags to examine biological substances. 81 The isolation and cloning of green fluorescent protein (GFP) from the jellyfish Aequorea victoria have become triggers of extensive investigations and applications of FPs. A variety of FPs have been genetically engineered to tune the optical properties, and the fluorescence of FPs covers the color from purple to NIR. The fluorescence yields of some FPs are more than 90%. 82 Genetic engineering has also induced novel and useful photophysical properties, such as photoswitching and high sensitivity to specific ions, which have been successively applied to cell imaging experiments. Each FP has a characteristic fluorophore structure that is rigidly embedded inside the polypeptide, and the large steric hindrance in the protein structure blocks the non-radiative structural relaxation of the excited fluorophore, resulting in the strong fluorescence. [83] [84] [85] Not only the fluorophore structure, but also the electrostatic interaction and hydrogen-bonding between the fluorophore and surrounding amino acids are very important to have interesting optical properties of FPs.
6·2 Sensing of pH
The fluorophore structure of wild-type GFP (wtGFP) is shown in Fig. 5 . The fluorophores of FPs based on Aequorea victoria GFP mostly exist as the acid-base equilibrium between the neutral and anionic forms. These two forms have different absorption and fluorescence properties from each other, and the fluorescence lifetime of the anionic form is longer than that of the neutral form, which results in dominance of the fluorescence of the anionic form in many FPs. The fluorescence lifetime of the anionic form is typically in the 1 -4 ns range, and that of the neutral form is in tens of picoseconds, or shorter. [86] [87] [88] [89] Such a large difference in the fluorescence lifetime between these two forms can be applied to measure the medium pH by the lifetimebased ratiometric method. When both forms are simultaneously excited and the fluorescence from both of the forms is simultaneously detected, the fluorescence decay is a mixture of the decays of the neutral and anionic forms. Then, the τave value depends on the population ratio between the neutral and anionic forms. [86] [87] [88] [89] The pH dependence of τave was observed for enhanced GFP (EGFP: F64L/S65T), which has widely been used for imaging of biological systems. 86 It was reported that τave of EGFP becomes shorter with decreasing pH in a buffer solution, when the neutral form of the fluorophore is dominantly excited and the fluorescence from both the neutral and anionic forms is observed. 86 A decrease in τave with lowering pH was also observed for the S65T variant in a buffer, when the neutral form was preferentially excited, and both fluorescence signals were detected. 87 It should be noted that the fluorophore structures of EGFP and the S65T variant are the same as that of wtGFP in Fig. 5 .
We measured the pH dependence of the fluorescence lifetime of EGFP in a single cell, which can be used to measure intracellular pH in biological systems. 88 Fig . 6A shows the fluorescence intensity and corresponding fluorescence lifetime images of EGFP-expressing human cervical carcinoma (HeLa) cells with changing intracellular pH. The intracellular pH was evaluated using ionophore. The plot of the fluorescence lifetime of EGFP in HeLa cells against the intracellular pH is shown in Fig. 6B . The excitation wavelength was 405 nm, which is close to the absorption maximum of the neutral fluorophore. The fluorescence was detected at around 510 nm, where the fluorescence from both the neutral and anionic forms was observed. 86, 87 It should be noted that the time-gated TD method was also adopted in the FLIM measurements, and the fluorescence lifetime was evaluated by assuming a single exponential decay. 30 It is shown in Fig. 6 that the observed fluorescence lifetime of EGFP decreased with lowering the intracellular pH in a HeLa cell, indicating that pH imaging inside a HeLa cell can be performed using the fluorescence lifetime of EGFP. 88 The observed pH dependence of the lifetime is explained in terms of the lifetime-based ratiometric method. The neutral form having a short fluorescence lifetime is effectively excited, and the ratio of the population of the neutral form relative to the anionic form increases with lowering the intracellular pH, which results in a decrease in the observed fluorescence lifetime with lowering pH. 88 The apparent pKa between the neutral and anionic forms of EGFP in HeLa cells was estimated from Fig. 6B . 88 If the observed pH dependence of τave comes only from the acid-base equilibrium between the neutral and anionic forms in the ground state, the relation between the intracellular pH and τave is given by
where a and b are the offset and dynamic range of the observed fluorescence lifetime, respectively. 86, 87 The apparent pKa of EGFP in HeLa cell was then estimated to be 5.6 based on the results shown in Fig. 6 . 88 We have also investigated the pH dependence of τave of enhanced yellow fluorescent protein (EYFP: S65G/V68L/S72A/ T203Y) in a buffer and in HeLa cells. 89 The fluorophore structure of EYFP is the same as that of wtGFP and the π-π interaction of the fluorophore with Tyr203 results in a shift of the fluorescence to the yellow region. In HeLa cells, the τave value remained unchanged at neutral and alkaline pH, and became shorter with decreasing pH at less than 6, suggesting that the fluorescence lifetime of EYFP can be used to estimate the acidic pH. 89 GFP mutants developed as an intensity-based pH sensor have also been applied for lifetime-based pH-imaging. The GFP variant E 2 GFP (F64L/S65T/T203Y/L231H) has been developed as a pH-sensor and the fluorescence intensity of E 2 GFP significantly changes with the pH at around physiological range. 90 Battisti et al. demonstrated that the analysis of the pH dependence of the fluorescence decay of E 2 GFP with the phasor approach is useful to map the intracellular pH in a cell. 91 The pH dependence of τave of E 2 GFP was explained in terms of the acid-base equilibrium of the fluorophore structure. The cyan fluorescent protein (CFP) variants 92, 93 and pHRed 94 engineered from the red fluorescent protein mKeima also exhibited the pH dependent variation of τave with the medium pH.
6·3 Sensing of other ions
Some GFP variants exhibited a decrease in the fluorescence intensity with increasing concentration of Cu 2+ in the medium. 95 The τave value of such proteins was also reduced by the addition of Cu 2+ in the medium, which was applied for measuring the Cu 2+ concentration. 96, 97 96 The mechanism of the lifetime change was explained in terms of the formation of the Cu 2+ -bound protein having a fluorescence lifetime shorter than that of the free protein, and the His6-tag in the protein was suggested to be one of the binding sites for Cu 2+ . 96 The fluorescence lifetime of Clomeleon, which was developed as a Cl -sensor, was used to measure the intracellular Cl -concentrations. 98
6·4 Sensing of the refractive index
It was shown that the change in the refractive index of the medium affects the fluorescence lifetime of FPs. 99 The fluorescence lifetime of EGFP had little correlation with the viscosity of the medium; 100 however, the inverse of the fluorescence lifetime of EGFP after photoexcitation of the anionic fluorophore was found to vary almost linearly with the square of the refractive index of the bulk solvent. 99 This result comes from the Strickler-Berg equation for the radiative decay rate constant (see Ref. 14) , as follows:
where n is the refractive index of the medium; I(ν) and ε(ν) are the fluorescence intensity and the extinction coefficient at wavenumber ν . The fluorescence lifetimes of enhanced CFP and EYFP were also shown to correlate with the refractive index. 101 The dependence of the fluorescence lifetime on the bulk refractive index can be applied to examine the local refractive index in a cell with spatial resolution.
102-104
The refractive index was suggested to vary during the cell cycle in HeLa cells, based on the FLIM experiments of FPs, where the observed change in the fluorescence lifetime was assigned to the change in the concentration of macromolecules inside the cell throughout the cell cycle.
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6·5 Sensing of cell stress
We have shown that the fluorescence lifetime of EGFP and EGFP-tudor fusion protein can be used to monitor changes in the intracellular environments with an apoptotic process or cell stress. The τave value of EGFP in HeLa cells was found to become shorter along with the occurrence of the apoptosis induced by tumor necrosis factor-α in combination with cycloheximide. 105 Apoptosis exhibits several characteristic behaviors, including cell shrinkage, loss of plasma asymmetry, and DNA fragmentation. The lifetime shortening occurred after the redistribution of phosphatidylserine to the outer layer of the plasma membrane. 105 The decrease of τave of EGFP was also observed, when the apoptosis was induced by the application of nanosecond pulsed electric fields. 106 The decrease of τave of HeLa cells expressing the EGFP-tudor fusion protein was observed with the treatment of a large amount of transfection reagent and with medium lacking serum, and exposed to normal air. 107 As mentioned above, amino-acid residues existing around the fluorophore structure in the polypeptide produce a strong electric field. It is therefore conceivable that the change in the local electric field inside the protein structure induces a change in the non-radiative decay rate of the GFP fluorophore. Actually, the τave value of GFPuv5, which is a UV-excited GFP variant, decreased in a polymer film in the presence of external electric fields. 108 The neutral form of the model compound of the GFP fluorophore (p-hydroxybenzylidene-imidazolidinone, see Fig. 5 ) exhibited an increase in τave in the presence of electric fields. 109 
Conclusions
A variety of exogeous fluorophores are reviewed for the lifetime-based sensing of intracellular environements. Parts of exogeous fluorophores introduced in this article are commercially available. We hope that this review becomes a basis for selecting the fluorophore to evaluate the intracellular environment with FLIM. Improvements of the FLIM system are in progress with developing excitation sources and detection systems as well as fast acquisition technologies with high space resolution; however, the developments of fluorescent dyes and fluorescent proteins suitable for FLIM experiments are also important to make FLIM a more popular technique in biological sciences. We believe that the progress of not only the measurement system, but also the exogenous fluorophore, will open up explosive applications of FLIM to a variety of biological phenomena and living systems 8 References
